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erchlorate salts have been used as
oxidizing components in solid pro-
pellants for rockets, missiles, and
fireworks for over 50 years. In 1952,
perchlorate was shown to suppress
thyroid function at doses of 200 mg/
day or greater by reversibly inhibit-
ing uptake of iodide into the thyroid
gland.'? It is currently used medi-
cally to treat hyperthyroidism of var-
ious etiologies at doses of up to 900
mg/day.

In 1985, perchlorate associated
with aerospace industrial operations
was thought to be detected tn
greundwater in the. weseernn United
States but was not confirmed.’ The
detection limit before March 1997
was 400 pg/l. and thereafter was 4
pg/L.* Use of the improved analyti-
cal method led to the detection of
perchlorate in the range of 4 to 200
ig/L in numerous groundwater
sources in California, Nevada, and
Utah.® Perchlorate was detected at
concentrations of 4 to 16 pg/L in
Lake Mead and the downstream Col-
orado River.’ At that time, there
were no health effect studies of
chronic low dose exposure to per-
chlorate in humans.

In 1997 and 1998, two cross-
sectional occupational health studies
were conducted at the two perchlor-
ate producing facilities in the United
States.>” Exposed workers in these
studies were healthy adults, and ex-
posure was through the respiratory
route. The exposure-dose relation-
ship was well documented by corre-
lating urinary perchlorate excretion
to airborne particulate perchlorate
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levels.” These studies found no indi-
cation of thyroid or other adverse
health effects from chronic occupa-
tional perchlorate exposure. The
group of individuals exposed to the
highest concentrations of perchlorate
absorbed an average of 34 mg/day
and exhibited no effects on thyroid
function.

Because normal thyroid function
is necessary for normal neurological
development, it has been postulated
that the developing fetus and new-
born are the most sensitive subpopu-
lations. Two epidemiological stud-
ies®® were recently completed that
used neonatal screening data from
state health departments in Califor-
nia and Nevada. These studies found
no increase in incidence of congeni-
1al hypothyroidism, nor decrease in
neonatal thyroxine (T4) levels, asso-
ciated with environmental perchior-
ate concentrations of up to 15 pg/L.

To date, most documented detec-
tions of perchlorate in US water
sources are believed to be of rela-
tively recent origin and to be associ-
ated with the defense and rocket
-industries. However, a recent re-
port'® suggests that perchlorate is
present in fertilizer from a number of
sources. For nearly a century, per-
chlorate has been known to be
present in Chilean nitrate fertilizer in
concentrations ranging from 0.5
mg/kg to greater than 60 mg/kg.''~'®

Nitrates have been mined in the
Atacama Desert of northern Chile
and exported to North America and
Europe for use in gunpowder and
fertilizer beginning more than 200
years ago.'® The nitrate deposits con-
tain unusually highly oxidized saline
constituents including nitrate, iodate,
perchlorate, and chromate. The Ata-
cama Desert is one of the most arid
regtons on Earth, with measurable
rainfall (>1 mm) occurring locally
as infrequently as once in 5 to 20
years. Nevertheless, the Atacama
Desert has widespread and abundant
groundwater that is recharged by in-
filtration from infrequent stream
flow and by slow groundwater
movement from the high Andes
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Mountains.'® Some of the drinking
water supply in northern Chile is
obtained from water wells that tap
this groundwater; other important
water supplies are obtained from the
western margin of the Andes.

Thyroid disease has been well
studied and characterized in Chile
over the past 20 to 30 years.'®"?’
Historically, goiter has been endemic
in Chile with a prevalence of approx-
imately 40%, using World Health
Organization criteria.?® With the in-
troduction of iodized sait in 1982,
prevalence of goiter dropped to
about 10%. In 1992, the Chilean
Ministry of Health initiated a neona-
tal thyroid screening program
throughout the country.

The present study was conducted
to investigate the hypothesis that per-
chlorate in drinking water suppresses
thyroid function in newborns and
school-age children, as demonstrated
by increased thyroid-stimulating hor-
mone (TSH) or decreased free thy-
roxine (free T4) levels. An additional
purpose of this study was to assess
the feasibility of conducting future
studies in northem Chile to further
define possible relationships be-
tween perchlorate in drinking water
and thyroid function.

Preliminary Water Surveys for
Perchlorate

In December 1998, samples for
laboratory chemical analysis were
obtained by Errol L. Montgomery &
Associates, Inc (Tucson, AZ) from
water sources in the Atacama Desert
in proximity to known nitrate depos-
its. Perchlorate concentrations of
1000 to 10,000 pg/l. were detected
in groundwater samples from
sources reportedly used exclusively
for industrial purposes. Groundwater
used for metallurgical processes at a
copper mine between Antofagasta
and Calama is treated with reverse
osmosis to control perchlorate levels,
and concentrations are monitored
daily. One natural spring used recre-
ationally was found to have perchlor-
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Fig. 1. Study locations in northern
Chile.

ate concentrations of about 1000
ng/L.

Perchlorate concentrations in the
range of 50 to 150 pg/l. were de-
tected in groundwater used for hu-
man consumption. In particular, a
well field at Agua Verde that sup-
plies municipal water to the city of
Taltal had perchlorate detectable in
excess of 100 pg/l. (see Fig. 1 for
study locations). Perchlorate was not
detectable in samples taken from the
Rio Loa, one of the few flowing
streams in the Atacama Desert.

In April 1999, samples of munici-
pal water for the largest coastal cities
along the northern 1200 km in Chile
(Arica, Pisagua, Iquique, Tocopilla,
Antofagasta, Taltal, Chaiiaral,
Caldera, and Copiapo) were ob-
tained. In this second survey, water
samples were obtained from three
residences in each city, and the
source of potable water was deter-
mined.

Antofagasta and Tocopilla obtain
potable water through a pipeline
from sources in the western margin
of the Andes Mountains near Ca-
lama, 200 km to the northeast from
Antofagasta. Perchlorate was not de-
tectable in water samples obtained
from either of these two cities. The
principal source of potable water for
all other cities surveyed is ground-
water from wells in alluvial basins
west of the Andes Mountains. Per-



JOEM - Volume 42, Number 6, June 2000

chlorate was detected in tap water
from Arica, Pisagua, Iquique,
Chadaral, Caldera, and Copiapo in
the range of 4 to 12 pg/L. For
Chainaral, the source of potable water
is reported to consist of five water
wells located in Copiapo. The water
is pumped to a storage tank and
transported by means of gravity
through a pipeline to Chaiiaral.
Perchlorate was detected in tap
water from Taltal in the range of 110
to 120 pg/L. Taltal receives its mu-
nicipal water through a pipeline from
a well field located near Agua Verde,
about 45 km east of the city. At Agua
Verde, groundwater is pumped from
five wells, four of which were com-
pleted in 1971 and one in 1997. The
wells are drlled and cased, with
depths ranging from about 220
meters to as deep as 344 meters in
alluvial deposits. These five wells
replaced shallow hand-dug wells in
the same area with detectable per-
chlorate of up to 250 pg/L that pre-
viously supplied water to Taltal. Wa-
ter for Taltal is reportedly obtained
from aquifers in the Agua Verde area
trom anout 1900 to the present.

Methods

This study was conducted in Sep-
tember 1999. All research activities
and a subject consent form (for par-
ticipation of schoolchildren) were
approved in advance by the review
board of the Southeast Metropolitan
Health Service in Santiago, Chile.

Subject Selection

Taltal (population 12,000) was se-
lected as the primary study city be-
cause it had the highest perchlorate
concentrations detected in drinking
water in preliminary surveys. Anto-
fagasta (population 150,000), about
200 km to the north, was selected as
a control city because perchlorate
was undetectable in samples of mu-
nicipal water. Chafiaral (population
20,000) was selected as a third study
city because of its proximity to Taltal
(about 100 km to the south), similar

size and economy, and because per-
chlorate concentrations in drinking
water are similar to those in some
water sources in the southwestern
United States (about 7 pg/L).}

One or two public schools in
Antofagasta, Chaiaral, and Taltal
were invited to participate in the
study. At each participating school,
all first- and second-grade students
(50 10 60 per city) were given a
consent form and questionnaire to be
taken home, completed by parents,
and returned. More than 90% of
these students in each city partici-
pated fully in the study. These chil-
dren (n = 163) were from 6 to §
years of age, of similar ethnicity
(parents of predominantly Spanish
origin), and had similar socioeco-
nomic characteristics typical to this
region. The questionnaire ascer-
tained the children’s contact infor-
mation, date and town of birth, resi-
dence history, mother’s residence for
the year preceding the child’s birth,
nutrition during the first 6 months of
life, current medications, parents’
occupation, and family history of
thyroid disease.

Neonatal thyroid screening
records were obtained for all neo-
nates born between February 1996
and January 1999 and whose city of
origin was Antofagasta, Chaiiaral, or
Taltal (n = 11,967).

Exposure Assessment

Concurrent with other study activ-
ities, drinking water samples were
obtained from approximately 25 sep-
arate sources in each study city.
These were drawn from potable wa-
ter faucets at participating schools,
homes of studeats, and public build-
ings located near the schools. Water
samples (30-mL) were maintained in
Teflon-coated bottles on ice and
transported to the Montgomery
Watson Laboratories (Pasadena, CA)
for analysis of perchlorate concentra-
tion. Water samples were labeled
with identifier codes to conceal city
of origin from laboratory personnel.
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Thyroid Assessment in School-
Age Children

Also in September 1999, a team of
endocrinologists (R.T., C.R., G.G.)
examined the thyroid gland of each
school-age child for whom informed
parental consent was given (n =
163). Goiters were classified on the
basis of standardized World Health
Organization criteria.?® The chil-
dren’s height, weight, time of last
meal, and general health and nutri-
tion status were ascertained at time
of examination. All examiners were
blinded to relative perchlorate con-
centrations in the study cities.

On the same day as the thyroid
examination, blood samples were
collected from each child between
the hours of 9 aM and 3 pm by an
experienced nurse using a sterile
technique. A blood sample from each
child was analyzed on-site for com-
plete blood count by a technician
using a portable Coulter counter. A
thin smear was prepared for subse-
quent microscopic analysis by a pa-
thologist at the Catholic University
clinical jaboratories in Santiago. Fro-
zen serum samples were transported
to Catholic University clinical labo-
ratories for analysis of thyroid hot-
mones (TSH, T4, free T4, triiodothy-
ronine), antiperoxidase antibody,
liver enzymes (aspartate aminotrans-
ferase, lactate dehydrogenase, alka-
line phophatase), and tests of kidney
function (blood urea nitrogen, serum
creatinine).

A first-void spot urine sample
(minimum 30 mL) was obtained
from cach child. These were ana-
lyzed for iodine and creatinine con-
tent at Catholic University clinical
laboratories in Santiago.

Neonatal Thyroid Assessment

The National Program for Mass
Screening of Congenital Hypothy-
roidism was initiated throughout
Chile in 1992. A heel-stick blood
sample is obtained from newborns to
assess the presence of congenital hy-
pothyroidism. Participation is man-
datory, and follow-up for treatment
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after diagnosis is supervised by the
Ministry of Health. All laboratory
analyses for the National Program
for Mass Screening of Congenital
Hypothyroidism in Chile are con-
ducted in the San Juan de Dios Hos-
pital Laboratory in Santiago.
Neonatal TSH level, sex, date of
birth, and date of screening were
obtained for all neonates born be-
tween February 1996 and January
1999 and whose city of origin
was Antofagasta, Chafaral, or Taltal
(n = 11,967). A systematic labora-
tory error (gamma counter contami-
nation) occurred between December
1, 1997 and June 30, 1998, which
caused TSH 10 be reported very low
(0.1 pU/mL) for a high proportion
(29.1%) of blood samples analyzed.
The error was limited to this 7-month
period and affected a similar propor-
tion of samples from each city
(18.6% from Antofagasta, 16.6%
from Chafiaral, 12.8% from Taltal).
All data obtained during the 7-month
period in question were excluded
from the present study, leaving 9784
neonatal records for analysis.

Statistical Methods

Mean perchlorate concentrations
in drinking water were determined
for Antofagasta, Chaiaral, and Taltal
on the basis of 25 water samples
collected in each city. The analysis
of school-age children excluded one
child from Taltal who had autoim-
mune hypothyroidism (anti-thyroid
antibody titer, 1:25,000; TSH, 34
p/mL). Analyses were conducted for
children who lived in the city at time
of examination (n = 162), and for
children who had lived in their city
continuously since birth and whose
mother had lived there for the year
preceding their birth (n = 127). The
latter group was assumed to be ex-
posed to a relatively constant con-
centration of perchlorate from con-
ception to time of examination.

Linear regression was used to
compare TSH levels (and free T4
levels) in schoolchildren by city of
residence. Because Antofagasta has
non-detectable perchlorate in drink-
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TABLE 1
Perchlorate Concentrations (ng/L) in Drinking Water From Select Cities in Chile
City n Mean SD Min Max
Antofagasta 25 ND* - ND ND
Chadaral' 25 5.5 1.6 ND 6.7
Taltat 25 1116 6.7 100 120

* ND, non-detectable (<4.0 ng/L, the minimum reporting limit).
1 Four of 25 samples from Chadaral were ND and for computing the mean were assumed

to have a concentration of 2.0 png/L.

ing water, it was used as the refer-
ence city for comparisons with
Chaiiaral (low exposure) and Taltal
(highest exposure). These analyses
were adjusted for potential con-
founding by age (continuous linear
variable centered around the mode, 7
years), sex (female, 0; male, 1), and

urinary iodine excretion (continuous
linear variable centered around the
mean, 72 pg/dL). Logistic regression
was used to estimate relative risk of
goiter (and of family history of thy-
roid disease) associated with city of
residence while adjusting for age,
sex, and urinary iodine excretion.

TABLE 2
Characteristics of All Schoolchildren by City (Means * SD," or % Where
Indicated)
Antofagasta Chanaral Taltal
Data {n = 53) {n = 49) (n = 60)'
Personal
Age (y) 72:03 73206 7406
Sex (% male) 50.9 571 46.7
Height {cm) 12486 = 7.2 1228 =68 1232 + 61
Weight (kg) 254 +54 256 =75 27555
History of breastfeeding (%) 84.9 85.7 73.3
Lifelong residence in city (%) 67.9 83.7 83.3
Thyroid
TSH (pU/mb) 33=18 29+13 3014
T4 (ug/dL) 9.1 =13 104 = 1.4 9312
Free T4 (ng/dL) 1.2 0.1 1.3 = 0.1 1.4+02
T3 (ng/dL) 2086 + 297 211.0*209 2120=+219
Goiter (% with) 17.0 265 233
Family history of thyroid disease (%)* 13.2 10.2 30.0
Other laboratory
Leukocytes (x10%) 79+19 7715 84 =21
Hemoglobin (g/dL) 122 > 08 12.3+08 121+ 08
Hematocrit (36) 36.8 + 2.2 36.9 + 2.1 363 +24
Aspartate aminotransferase (U/l) 30454 30.6 = 9.1 29248
Lactate dehydrogenase (U/L) 219.4 + 30.7 207.3 =304 195.1 292
Alkaline phosphatase {U/L) 303.1 £ 65.3 314.1 > 73.2 292.1 + 66.7
Total bilirubin (mg/dL) 03=*02 04 +05 0.2 > 0.1
Creatinine (mg/dL) 0.6 = 0.06 0.6 = 0.05 0.6 =+ 0.07
Blood urea nitrogen (mg/dL) 11529 12.5 = 3.1 128 + 3.2
Glucose (mg/dL) 923 = 100 904 =78 95.5 + 9.1
Urine iodine (ng/dL) 756+ 404 614=357 766474
Urine creatinine (mg/dL) 009 =014 0.09+0.02 0.08 = 0.03

Urine l/creatinine (ng/g)

1057.2 = 377.9 827.2 * 359.4 947.4 = 364.2

* SD, standard deviation; TSH, thyroid-stimulating hormone; T4, thyroxine; T3, triiodothy-

ronine.

T Excluded one child with evidence of autoimmune hypothyroidism (antiperoxidase anti-

body titer, 1:25,000; TSH, 34 uU/mi).

* Direct relative (parent, sibling, grandparent, great-grandparent, aunt, uncle, or cousin)
with history of goiter, hypothyroidism, or subtotal thyroidectomy.
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TABLE 3

Characteristics of Schoolchildren With Lifelong Residence in Their Respective
City (Means > SD, or % Where Indicated)*

Antofagasta Chanaral Taltal
Data (n = 36) n = 41) (n = 50)t
Personal
Age (y) 71202 73+06 74 * 06
Sex (% male) 55.6 63.4 50.0
Height (cm) 12563 + 8.2 122.0 = 6.5 1234 £ 64
Weight (kg) 255 = 4.7 253176 28058
History of breastieeding (%) 80.6 85.4 72.0
Thyroid
TSH (pU/mL) 31 =12 29*13 30x13
T4 (ng/dl) 9.0x14 103 * 13 93 =11
Free T4 (ng/dl) 1.2+ 0.1 1.3 =01 1.4 = 0.1
T3 (ng/dL) 209.7 309 2115+208 2124 =222
Goiter (% with) 222 19.5 26.0
Family history of thyroid disease (%)* 111 9.8 30.0
Other laboratory
Leukocytes (x 10%) 80 =21 78=16 84 =19
Hemoglobin (g/dl) 122207 12208 121 £ 09
Hematocrit (%) 366 *20 368 +22 364 £25
Aspartate aminotransferase (U/L) 308 =57 31497 296 46
Lactate dehydrogenase (U/L) 221.0x 334 2065+ 321 1954 + 284
Alkaline phosphatase (U/L) 308.9 = 70.7 308.8 =585 2893 +676
Total bilirubin (mg/dL) 03 =*0.2 03 =01 0.2 = 0.1
Creatinine (mg/dL) 0.6 £ 0.06 0.6 = 0.05 0.6 = 0.07
Blood urea nitrogen {(mg/dL) 111227 126 = 3.1 13.0 = 3.1
Glucose (mg/dL) 939100 904 =84 96.1 = 9.0
Urine iodine (ug/dL) 775 =384 616 =342 773 =495
Urine creatinine {mg/dL) 007 =0.03 009 =0.11 0.08 = 0.03

Urine I/creatinine (1g/g)

1096.4 = 407.6 862.2 = 375.1 962.8 = 370.0

* For definition of abbreviations, see Table 2.
T Excluded one child with evidence of autoimmune hypothyroidism (antiperoxidase anti-

body titer, 1:25,000; TSH, 34 pU/ml).

* Direct relative (parent, sibling, grandparent, great-grandparent, aunt, uncle, or cousin)
with history of goiter, hypothyroidism, or subtotal thyroidectomy.

Statistical power of the schoolchil-
dren analysis was estimated assum-
ing that the TSH mean for children
without exposure to perchlorate is
3.0 pU/mL (standard deviation {SD]
1.5 nU/mL) and the free T4 mean for
children without exposure to per-
chlorate is 1.3 ng/dL (SD 0.2 ng/dL).
The study had greater than 90%
power to detect a 1-pU/mL differ-
ence in average TSH, or a 0.5-ng/dL
difference in average free T4, when
comparing Antofagasta with either
of the exposed cities.

In the neonatal analysis, linear re-
gression was used to compare neo-
natal TSH levels by city of origin
while adjusting for potential con-
founding by sex (female, O; male, 1)
and age (dummy variable using the
third day of life as reference). Neo-

natal TSH levels exhibited some
skewness, particularly among new-
borns originating in Antofagasta.
Therefore, a natural logarithmic
transformation of neonatal TSH was
used to obtain approximately nor-
mally distributed data appropriate for
linear regression. Model assumptions
were evaluated by using diagnostic
plots of residuals and normal proba-
bility plots. All analyses were per-
formed by using Stata statistical soft-
ware.?®

Results

Taltal had relatively high concen-
trations of perchlorate in drinking
water (mean, 112 ug/l; range, 100
to 120 pg/L). In Chaiaral, 4 of 25
water samples were below the mini-
mum reporting limit of 4.0 pg/L; the
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other 21 samples averaged 6.2 pg/l
(range, 5.3 to 6.7 pg/L). Perchlorate
was non-detectable (<4.0 pg/L) in
all water samples from Antofagasta
(Table 1). The difference in average
perchlorate concentration between
Taltal and either other city, and the
difference between that in Chaiaral
and Antofagasta, was statistically
significant (P < 0.0001).

Results in School-Age Children

Table 2 presents characteristics of
all schoolchildren after exclusion of
one individual with autoimmune hy-
pothyroidism (n = 162). Table 3
presents characteristics only of chil-
dren who resided continuously in
their respective city since conception
(n = 127). The children included
nearly equal numbers of boys and
girls, ages 6 to 8 years. Because
perchlorate may be transmitted in
breast milk, the children’s nutritional
history for the first 6 months of life
was ascertained from their parents.
The proportion of children who were
breast-fed was similar among the
three cities and ranged from 72% to
86%.

Mean levels of TSH, T4, free T4,
and triodthyronine appeared to be
very similar among the three cities
(Tables 2 and 3). Among lifelong
residents, prevalence of goiter was
similar in Taltal (26%) compared
with Chanaral (20%) and Antofa-
gasta (22%); (P = 0.46 and P =
0.69. respectively). All goiters ob-
served were grade I except for four
grade Il goiters (two in Chafiaral and
one each in Taltal and Antofagasta).
Taltal residents were more likely to
self-report a family history of thyroid
disease, which was defined as having
any blood relative with a history of
goiter, hypothyroidism, or subtotal
thyroidectomy (Taltal 30%, Antofa-
gasta 11%, Chaifiaral 10%, among
lifelong residents). All laboratory
measures of bone marrow, liver, and
kidney function in the study children
were very similar among the three
cities.

Linear regression comparisons of
TSH by city of residence are shown
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TABLE 4
Linear Regression Analysis of TSH," Comparing Schoolchildren in Chafaral and Taltal With Those in Antofagastat
All Residents Lifelong Residents
in =162 {n=127)
P P
Variable Coetfficient 95% CI Value Coefficient 95% ClI Value

Antofagasta 3.42 2.93-3.92 - 3n 2.61-3.61 -
Chanaral -0.37 -0.98-0.24 0.24 -0.09 -0.68-0.50 0.76
Taltal -0.37 ~0.95-0.21 0.21 -0.13 -0.70-0.43 0.64
Age (y) 0.21 -0.26-0.68 0.38 0.21 -0.22-0.64 0.34
Sex (male) -0.35 -0.83-0.14 0.16 -023 -0.70-0.23 0.33
lodine (ug/dl) 0.002 -0.004-0.008 0.51 0.003 -0.003--0.008 0.31

* TSH, thyroid-stimulating hormone; Cl, confidence interval.

' Adjusted for age (centered around 7 years), sex (female, 0; male, 1), and urinary iodine (centered around the mean); excluded one child
with autoimmune hypothyroidism.

TABLE S
Linear Regression Analysis of Free T4,* Comparing Schoolchildren in Chafiaral and Taltal With Those in Antofagasta’
All Residents Lifelong Residents
{n = 162) tn =127
P P
Variable Coefficient 95% ClI Value Coefficient 95% ClI Value

Antofagasta 1.24 1.19-1.28 - 1.25 1.19-1.31 -
Chadaral 0.09 0.03-0.14 0.003 0.08 0.02-0.15 0.01
Taltat 0.14 0.09-0.19 <0.001 0.15 0.09-0.22 <0.001
Age {y) 0.007 -0.04-0.05 0.74 o.M -0.03-0.06 0.57
Sex (male) -0.03 -0.08-0.01 0.17 -0.06 -0.11--0.004 0.04
lodine (.g/dl) -0.00002 —0.0006-0.0005 0.95 <0.00001 -0.0006-0.0006 0.99

* Free T4, free thyroxine; Cl, confidence interval,

! Adjusted for age (centered around 7 years), sex (female, 0; male, 1), and urinary iodine (centered around the mean); excluded one child
with autoimmune hypothyroidism.

in Table 4. Adjusted for age, sex, and

urinary iodine excretion, average  VABLEG
TSH was slightly lower among Odds Ratios for Association Between Goiter in Schoolchildren and City of
Residence*

Chaiaral and Taltal children com-

pared with Antofagasta children, but All Residents Litelong Residents
this was not statistically significant, b = 162 b =127)
whether based on all children (P > City Odds Ratio 95% CiI* Odds Ratio 95% Cl
0.2) or lifelong residents (P > 0.6). Antofagasta 1.00 - 1.00 -
Comparisons of free T4 by city of Chafiaral 1.96 0.70-5.45 1.03 0.32-3.29
residence are shown in Table S. Ad- Tahal 1.43 0.54-3.80 1.1 0.38-3.24

justed for the same factors, average
free T4 was higher among Chaiiaral
and Taltal children compared with
Antofagasta children, and these dif-
ferences were highly significant
whether based on all children or

* Adjusted for age, sex, and urinary iodine; excluded one child with autoimmune hypothy-
roidism.
t Cl, confidence interval.

lifelong residents (P = 0.01 for
Chaiiaral, P < 0.001 for Taltal).
With the particular coding of vari-
ables that was used (see Table 5
footnote), the coefficient for lifelong
residents of Taltal (0.15) may be
interpreted as follows: Among

7-year-old girls with average urinary
iodine excretion, average free T4 in
Taltal was 0.15 ng/dL greater than
that in Antofagasta, and this differ-
ence did not seem to be consistent
with chance (P < 0.001). Diagnostic
residual plots and normal probability
plots revealed no substantial depar-

tures from linear regression assump-
tions.

Table 6 shows the estimated rela-
tive risk of goiter for children in
Chaiiaral and Taltal compared with
that of children in Antofagasta, ad-
justed for age, sex, and urinary io-
dine. In the analysis of all study
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TABLE 7

Odds Ratios for Association Between Self-Reported Family History of Thyroid
Disease® Among Schoolchildren and City of Residence'

All Residents Lifelong Residents
{n = 162) {(n =127)

City Odds Ratio 95% Ci* Odds Ratio 95% ClI
Antofagasta 1.00 - 1.00 -
Chadiaral 0.89 0.25-3.19 1.04 0.21-5.09
Taltal 3.35 1.19-9.38 4.97 1.29-19.17

* Direct relative (parent, sibling, grandparent, great-grandparent, aunt, uncle, or cousin)
with history of goiter, hypothyroidism, or subtotal thyroidectomy.
t Adjusted for age, sex, and urinary iodine; excluded one child with autoimmune hypothy-

roidism.
* Cl, confidence interval.
TABLE 8
Neonatal Characteristics in Select Cities in Chile
Antofagasta Chanaral Taltal
{n = 8888, (n = 468; {n = 428;
51.8% male) 49.5% male) 50.7% male)
Mean = SD* Median Mean = SD Median Mean * SD Maedian
Age at screening 41+37 3 49 %46 4 6.6 x44 6
(day of life}
TSH (p/mt)
Total 34+78 26 3.0=25 23 2419 2.0
Male 36 6.1 2.8 34227 26 2521 2.1
Female 32+74 24 2622 2.0 2217 1.9
Day 1-2 {(n = 63) 3219 2.7 32=35 1.9 42 =12 4.2
Day 3 (n = 6914) 37=70 28 3.1 =22 2.4 33=x24 25
Day 4 (n = 1257) 33 =144 22 32=27 23 21 =18 1.9
Day S (n = 282) 2316 1.9 3.1 =28 2.4 2217 2.0
Day 6 (n = 215) 2419 1.9 28 *21 2.0 22*x17 1.7

Day 7+ (n =921) 24 =20 1.9

21214 1.7 21217 1.8

* SD, standard deviation; TSH, thyroid-stimulating hormone.

children, there was a small, non-
significant increased risk of goiter in
Chaiiaral and Taltal compared with
Antofagasta. Among lifelong resi-
dents, however, there was virtually
no difference in risk of goiter among
the three cities.

Table 7 presents logistic regres-
sion results for self-reported family
history of thyroid disease. Adjusted
for age, sex, and urinary iodine, life-
long residents of Taltal were S times
more likely to report a family history
of thyroid disease compared with
lifelong residents of Antofagasta
(95% confidence interval, 1.3 to
19.2). Chaiiaral children had no in-
creased prevalence of self-reported
family history of thyroid disease.

Other than slight confounding in a
few analyses by sex, which was con-
trolled for, there was no appreciable

confounding evident by age, urinary
iodine, or any other variables listed
in Tables 2 and 3. Iodine excretion
was considered to be a potential con-
founder to the extent that iodine in-
take may be associated with per-
chlorate exposure levels. However,
no evidence was found that urinary
iodine levels were associated with
either city of residence or thyroid
function indices.

Neonatal Results

From 1992 to 1999, 222 cases of
congenital hypothyroidism were de-

., tected in Chile out of 773,440 new-

borns screened, corresponding to an
incidence rate of 1 per 3484 new-
borns screened (Internal Report, Na-
tional Program for Mass Screening
of Congenital Hypothyroidism and
Phenylketonuria, Ministry of Health,
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Chile; unpublished). Among new-
borns analyzed in the present study,
seven presumplive cases of congeni-
tal hypothyroidism (TSH = 25 U/
mL) were detected, all originating in
Antofagasta, corresponding to an in-
cidence rate in Antofagasta of | per
1270 newboms. Maximum TSH lev-
els observed in Chaiiaral and Taltal
were 17.1 pU/mL and 13.5 pU/mL,
respectively.

Neonatal characteristics are pre-
sented by study city in Table 8.
Average TSH seemed to be lower in
Taltal (2.4 pU/mL) than in Antofa-
gasta (3.4 pU/mL) or in Chaifiaral
(3.0 pU/mL). Boys had a higher
average TSH than girls in each city
(formally tested below). In Antofa-
gasta, over half of all newborns were
screened on the third day of life.
Median age at time of screening was
4 days in Chanaral and 6 days in
Taltal. TSH levels seemed to peak on
day 2 or 3 and to decline somewhat
afterward (Table 8).

Linear regression comparisons of
log TSH by city are shown in Table
9. Adjusted for sex and age, average
log TSH in Taltal was significantly
lower compared with Antofagasta
(P < 0.001) or Chanaral (P < 0.001,
not shown); there was no significant
difference in average log TSH be-
tween Chafiaral and Antofagasta.
With the coding of variables that was
used, the coefficient for Taltal in
Table 9 (-0.25) may be interpreted in
this way: Median TSH for 3-day-old
girls in Taltal was (1 — e%2%) 22%
lower than that of 3-day-old girls in
Antofagasta, and this difference did
not seem to be consistent with
chance (P < 0.001).

The small amount of confounding
identified in these analyses was al-
most entirely owing to age at time of
screening. Sex and age were both
significant predictors of TSH. Ad-
justed for city and age, boys had
higher TSH than girls (P < 0.001).
TSH levels were significantly lower
at age 4 days of life or greater com-
pared with day 3 (P < 0.001). Diag-
nostic residual plots and normal
probability plots suggested good
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TABLE 9

.

Linear Regression of Neonatal Log TSH* in Chadaral and Taftal Compared With

That in Antofagasta

Unadjusted Adjusted!

Variable Coefficient 95% Ci P Value Coefficient 95% Ci P Value
Antofagasta 0.91 0.90-0.93 0.91 0.89-0.94 -
Chafiaral -0.10 ~0.18--0.03 0.008 0.003 -0.08-0.08 0.94
Taltal -0.46 -0.54--0.38 <0.001 ~0.25 -0.34--0.17 <0.001
Sex (male) 0.15 0.11-0.18 <0.001
Age (days)

1-2 -0.004 ~-0.21-0.20 097

3 - - -

4 ~0.24 -0.29--0.19 <0.001

5 -0.33 -0.42--0.23 <0.001

6 -0.35 -0.46--0.24 <0.001

7+ -0.40 -0.46--0.35 <0.001

* TSH, thyroid-stimulating hormone; Cl, confidence interval.
' Adjusted for sex (female, 0; male, 1) and age (dummy variable using third day of life as

reference).

agreement with linear regression as-
sumptions.

Discussion

Northern Chile is an ideal setting
in which to study the effects of per-
chlorate in drinking water on thyroid
function in presumed sensitive sub-
populations. The city of Taltal has
" Iigh concentrations of perchlorate in
drinking water (>100 pg/L) com-
pared with most areas of the United
States, and it has had a consistent

source of water from the same wells
since at least 1970. Chanaral and
Antofagasta have low and non-
detectable perchlorate concentra-
tions, respectively, and because of
their proximity and similarity to
Taltal were suitable for comparison
of populations. School-age children
from each of these cities demon-
strated evidence of normal dietary
iodine ingestion on the basis of me-
dian urinary iodine concentrations
greater than 50 pg/dL.

400 8
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Antofagasta Chaniaral Taltal

fig. 2. Neonatal TSH (pU/mL) distribution in select cities in Chile, plotted on natural
logarithmic scale. Center lines of boxes represent medians: upper and lower borders of boxes

represent the 75th and 25th percentiles, respectively.

This study found no evidence that
perchlorate in drinking water at con-
centrations as high as 120 pug/L sup-
presses thyroid function in newborns
or school-age children. This is the
first epidemiological investigation of
the potential effects of lifelong per-
chlorate exposure in school-age chil-
dren. No clinically or statistically
significant difference in TSH levels
was found in schoolchildren among
the three study cities. Free T4 levels
were slightly higher among children
who were lifelong residents of Taltal
and Chaiiaral compared with Antofa-
gasta (P < 0.001 and P = 0.01,
respectively). However, the observed
differences did not seem to be clini-
cally significant in magnitude and
were the opposite of known pharma-
cological effects of perchlorate.
Prevalence of goiter in the children
examined was similar among the
three cities. No evidence was found
of perchlorate-related effects on
bone marrow, liver, or kidney func-
tion.

Residents of Taltal were more
likely to self-report a family history
of thyroid disease. Adjusted for age,
sex, and unnary iodine, Taltal fami-
lies were five times more likely to
report a history of thyroid disease
than Antofagasta families (Table 7).
Families of 19 out of 61 (31%) chil-
dren in Taltal reported having some
history of thyroid disease. Twelve of
these families reported having a sin-
gle relative (usually a mother or
grandmother) with goiter, hypothy-
roidism, or unspecified thyroid dis-
ease; seven reported having two or
more relatives with goiter, hypothy-
roidism, or other thyroid diseasé
(two of these families had a history
of hyperthyroidism). Not all of these
family histories have been verified,
and reasons for them are as yet un-
known. Because family history was
self-reported by parents, reporting
bias may have occurred if Taltal
residents had a heightened suspicion
of thyroid problems compared with
residents of Chaiiaral or Antofagasta.
Alternatively, these findings may re-
flect a change in exposure patterns
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over the past several generations,
Because iodized salt was not intro-
duced in the region until 1982, it is
possible that a combination of low

. iodine intake and the perchlorate

concentrations in Taltal was suffi-
cient to cause thyroid problems in
past decades. Further investigation
will be needed to clarify these family
history findings and to evaluate pos-
sible relationships between perchlor-
ate exposure in Taltal and thyroid
function in adults.

No cases of congenital hypothy-
roidism were detected in cities with
detectable perchlorate in drinking
water (Taltal and Chaiaral). Neona-
1al TSH levels were slightly lower in
Taltal (highest exposure) compared
with those of the other cities studied
(P < 0.001); this was in opposition
to the known pharmacological ef-
fects of perchlorate. The magnitude
of observed TSH differences among
study cities did not seem to be clin-
ically significant (Fig. 2). A separate
analysis (not shown) was conducted
without exclusion of neonatal data
obtained during the period affected
by lahoratory error. TSH compari-
sons showed the same relationships
among study cities as indicated in the
reported analysis. Details of this sec-
ondary analysis are available from
the authors upon request.

A small proportion of Antofagasta
neonatal records may have come
from newborns originating from
small villages surrounding Antofa-
gasta. To assess further the suitabil-
ity of Antofagasta as a control city, a
separate analysis (not shown) was
conducted that included a represen-
tative sample of newboms originat-
ing in Santiago (n = 12,497). San-
tiago had non-detectable perchlorate
(<4 pg/L) in all but one of 25
samples of municipal drinking water;
the only positive sample had a per-
chlorate concentration of 7 pg/L.
Neonatal TSH levels were similar
between Antofagasta (mean * SD,
34 * 78 pU/mL) and Santiago
(mean * SD, 3.4 * 4.5 wU/mL), and
the use of Santiago as an alternate
control city gave very similar results

to those of the primary analysis.
More information about the Santiago
neonatal data is available from the
authors upon request.

The US Environmental Protection
Agency and a number of state health
departments are currently attempting
to assess the potential magnitude of
risk associated with various concen-
trations of perchlorate in drinking
water. This study provides valuable
information for the assessment of
such risks. It is the first to investigate
effects of lifelong exposure to per-
chlorate at low (5 to 7 pg/L) and
relatively high (100 to 120 pg/L)
concentrations in drinking water on
thyroid function in school-age chil-
dren, a subpopulation presumed to be
sensitive. Perchlorate concentrations
currently detected in some water
sources for southern California and
southern Nevada are in the range of §
to 8 pg/L and up to 15 pug/L, respec-
tively. These concentrations are
comparable with those detected in
Chanaral (5 to 7 pg/L). whereas
Taltal has perchlorate concentrations
more than 10 times greater from
sources that have been used coniin-
uously for 30 years.

This study is the third epidemio-
logical investigation of the effects of
perchlorate in drinking water on neo-
natal thyroid function, and the first to
investigate perchlorate concentra-
tions as high as or exceeding 100
pg/L. The first two studies of per-
chlorate and neonatal thyroid func-
tion were conducted in California
and Nevada.’? These studies found
no increased incidence of congenital
hypothyroidism® or decreased T4
levels® associated with currently de-
tected perchlorate concentrations.
These findings and those of the
present study are consistent with two
occupational studies®’ that found no
adverse health effects due to chronic
respiratory perchlorate exposure to
healthy adults.

In summary, 162 school-age chil-
dren and 9784 newboms in northern
Chile were studied for potential ad-
verse effects of perchlorate in drink-
ing water at concentrations compara-
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ble with those detected in Lake Mead
and the downstream Colorado River
(5 to 8 pg/L) and at considerably
higher concentrations (100 o 120
pg/L). No evidence was found that
perchlorate in drinking water at these
concentrations is associated with
thyroid suppression in newborns or
school-age children. Among school-
age children, no evidence was found
of adverse effects on thyroid, bone
marrow, liver, or kidney function.
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